The present study aimed to study the relation between the release of arachidonic acid (AA) and the en ergy state in cerebral cortices of rats during single epi sodes of cortical spreading depression (CSD). The changes in concentrations of AA, labile phosphate com pounds [ATP, ADP, AMP, and phosphocreatine (PCr)], and glycolytic metabolites (lactate, pyruvate, glucose, and glycogen) were studied during and following the large change of the local direct current (DC) potential. Free AA increased markedly during the DC shift, continued to in crease during the subsequent 3 min, and returned to con trol levels at 4-5 min after CSD. PCr decreased by 38% in the first minutes following the DC shift, while ADP in creased by 38%. Both returned to normal within a few minutes. ATP, AMP, and energy charge remained con-Cortical spreading depression (CSD) is associated with a spontaneously reversible failure of brain ion homeostasis that spreads across the cortical surface at the rate of 3-5 mmlmin (Leao, 1944; Hansen and Zeuthen, 1981; Nicholson and Kraig, 1981) . The mechanisms underlying CSD are incompletely un derstood, but it is likely that excitatory amino acids are involved since local application of glutamate or any agonist of the glutamate receptor readily trig gers CSD (Van Harreveld, 1959; Curtis and Wat kins, 1961; Lauritzen et al., 1988) , glutamate is re leased during CSD (Van Harreveld and Fifkova, 1970) , and glutamate blockade effectively inhibits
stant throughout the experimental period. Glucose de creased by 47% and glycogen by 34% for a few minutes following CSD, while lactate increased by 105% at 2-3 min and by 77% at 4-5 min after CSD. The metabolites returned to control levels at 10 min after CSD. Consider ing the constant energy charge at all time points during CSD, it is suggested that the AA rise reflects augmented phospholipase activity due to either increased intracellu lar [Ca 2 +] or receptor stimulation or both. The possibility that N-methyl-o-aspartate receptors play a role in the re lease of AA, and that free AA in turn could be part of the mechanism of CSD, is discussed. Key Words: Arachi donic acid-Cortical spreading depression-Energy me tabolism-Extracellular ions.
CSD (Van Harreveld, 1984; Goroleva et al., 1987; Mody et al., 1987; Hansen et al., 1988; .
Studies using ion-selective microelectrodes have shown that CSD is associated with dramatic but transient changes of extracellular ion concentra tions: [Na +]e' [Ca 2 + ]e' and [CI-]e decrease, while [K + ]e and[H + ]e increase (Hansen and Zeuthen, 1981; Nicholson and Kraig, 1981) , signifying marked membrane depolarization (Sugaya et al., 1975; Snow et aI., 1983) .
Restoration of ionic gradients and membrane po tential is an energy-requiring process as indicated by increased glucose consumption (Shinohara et al., 1979; Gjedde et al., 1981) , increased N AD/ NADH ratio (Rosenthal and Somjen, 1973; La Manna and Rosenthal, 1975) , and decreased phos phocreatine (PCr) (Krivanek, 1961) and ATP (Mies and Paschen, 1984) during recovery from CSD. The increased rate of metabolism is probably due to ac tivation of translocator-coupled ATPases pumping ions between intracellular and extracellular com partments.
Tissue levels of free fatty acids have not been studied during CSD. Elevation of the intracellular calcium concentration is expected from the marked decline of [Ca 2 +]e' most certainly leading to activa tion of several enzymatic processes including phos pholipid deacylation. In addition, it has recently been shown that N-methyl-D-aspartate (NMDA) re ceptors activate the arachidonic acid (AA) cascade system in striatal neurons (Dumuis et aI., 1988) . Therefore, if NMDA receptors are involved in CSD, one would expect AA to accumulate during its course.
The purpose of this article was to define the tem poral correlation between energy charge, changes in free AA concentration, and depolarization in as sociation with single episodes of CSD in the rat cor tex.
MATERIALS AND METHODS
Anesthesia was induced in male Wistar rats of 300-350 g by ether inhalation for 1-2 min. After intubation with a steel cannula, the rats were immobilized with 5-15 mg of suxamethonium intraperitoneally and ventilated by a vol ume respirator with 1.0% halothane and NzO/Oz (70:30%) to keep arterial Poz close to 100 mm Hg. Polyethylene catheters were placed in one femoral artery and one fem oral vein for blood pressure monitoring and anaerobic blood sampling. Body temperature was maintained at 37°C.
Rats were placed in a headholder and four craniotomies were carried out over the frontal and the parietal cortices on the two sides, leaving the dura intact so as to avoid exposing the brain during the experiment. Animals were excluded from the study if they had suffered damage to the dura or cortex during surgery. One single-barrel mi croelectrode with mock CSF, tip diameter 2-5 fLm, was lowered through the dura 500 fLm into the anterior parietal cortex on both sides for recording of the direct current (DC) potential. The DC potential was continuously mon itored during penetration of the cortex to ensure that CSD was not accidentally elicited during this procedure. Ani mals were grounded with a reference electrode consisting of an Ag-AgCl wire in a glass tube with 1 M KCI solidified in agar resting in the neck muscle. Following these pro cedures operative wounds were infiltrated with lidocaine and halothane was discontinued, while the artificial res piration continued with N 2 0/OZ (70:30%) for I h after sur gery before the CSD was elicited. Repeated arterial sam ples were taken to measure blood gases and pH. In a few experiments the occurrence of CSD was monitored by measuring [Ca z +]e using ion-selective microelectrodes manufactured as described previously (Hansen and Zeuthen, 198 1) . CSD was triggered by a brief needle stab in the frontal cortex on one side. The CSD appeared only on the ex perimental side, since the DC potential remained un changed on the control side. At selected times after the CSD had reached the electrode, the brain was frozen in situ with liquid nitrogen while the heart was arrested by J Cereb Blood Flow Metab, Vol. 10, No. I, 1990 intravenous injection of 1 ml of saturated KCl. Subse quently the skull was removed and brain tissue specimens were dissected at -18°C. For the biochemical analysis 2.5 x 2.5-mm samples weighing -25 mg were taken from the parietal region close to the electrode. Because of their size, these samples were taken not only from the imme diate vicinity of the electrode, but included regions ante rior and posterior to it. CSD in this preparation propa gates at the rate of 3.5 ± 0.6 mm/min (Lauritzen, 1987) . Assuming a propagation rate of 3.5 mm/min, this means that each sample covered -1 min of CSD, and the time resolution related to onset of CSD, defined as the com mencement of the large negative DC shift, was on the order of -1 min.
Analysis for energy metabolites
Following weighing on a torsion balance, each tissue sample was extracted with HClImethanol at -22°C and subsequently with perchloric acid at O°C. After centrifu gation and neutralization of the extracts with a KOH/ imidazole base/KCl mixture, enzymatic and fluorometric techniques were used to determine tissue contents of gly cogen, glucose, lactate, pyruvate, PCr, ATP, ADP, and AMP [for details of procedure see Folbergrova et al. (1972a,b) ]. Tissue energy charge (EC) was calculated according to Atkinson (1968) 
Cortical concentrations of labile phosphates or glyco lytic metabolites at time 0-1 min were compared by paired t test. The interhemispheric differences in subse quent time periods were compared with the difference at onset (0-1 min) also by t test statistics, corrected for mul tiple comparisons as described by Dunnett (1969) .
Analysis for AA
All glassware used for tissue extraction and analysis was washed in boiling detergent solution and rinsed prior to acid washing. The procedure was ended by several rinses in ultrapure water (Milli-Q; Millipore, Bedford, MA, U.S.A.) and spectrography-grade ethanol. All sol vents used for extraction and AA analysis were analytical grade. The tissue (-25 mg) was extracted in 0.8 ml chlo roform/methanol (1: 1 by vol) containing 3 fLg tricosanoic acid as internal standard, 20 fLg 2,6-di-tert-butyl-p-cresol as an antioxidant, and 80 fLl water. Following homogeni zation in an all-glass tissue grinder (2 ml Tenbroeck; Kon tes, Vineland, NJ, U.S.A.), the samples were left at room temperature for 1 h before centrifugation at 2,500 g. The tissue residue was extracted once more in 0.8 ml chloro form/methanol (3: 1) containing 10 fLg 2,6-di-tert-butyl p-cresol and 20 fLl water and then centrifuged before the extracts were combined. Six hundred microliters of 1% NaCI in 0.01 M HCl was added, and following centrifu gation the upper layer was discarded. The lower layer was washed once with methanollwater (1: 1) and the chlo roform phase evaporated under nitrogen.
The AA fraction was obtained by thin layer chroma tography on 10 x 100cm high performance thin layer chromatography plates with a 0.2-mm layer of Silica Gel 60 (Merck, Darmstadt, F.R.G.) using light petroleum/ diethyl ether/acetic acid (55:45:2 by vol) as the mobile phase. The fatty acids were esterified in 0.38 M sulfuric acid in methanol/toluene (1: 1 by vol) as described by Akesson et al. (1970) . The fatty acid methyl esters were dissolved in decane and separated by capillary gas-liquid chromatography (Varian 3700; Zug, Switzerland) using on-column injection (SGE OCI-3; Victoria, Australia). A 30 cm x 0.32-mm nonpolar bonded phase column (Su perox; Alltech, Nazareth, Belgium) operated with a car rier gas (He) flow of 5 mllmin was used. Temperature programming from 185 to 225°C was employed to reduce analysis time, and AA was detected using a flame ioniza tion detector operated at 235°C. A computing integrator (Varian CSD 111) was used for peak area quantitation. One extraction blank per every five samples was run in parallel through the analytical procedure.
The interhemispheric difference of free AA ([AAlcsD -[AAlcontrol) was evaluated by a logistic regression anal ysis of the probability that the difference would be posi tive after the onset of CSD, with time as the explaining variable. The parameters in the model were linearly con strained so that positive and negative differences were equally likely at 60-6 1 min. The hypothesis of no time effect versus a negative effect of time was evaluated by X 2 statistics. Table 1 gives the physiological variables of the animals, while Fig. 1 shows the time course of change of DC potential and [Ca 2 + ]e during CSD.
RESULTS
The interhemispheric differences of [AA] are shown in Fig. 2 . The X 2 value was 8.56. Thus, the interhemispheric [AA] difference declined as a function of time. With 1 df, the p value was 0.003.
Already during the negative DC shift, the cortical [AA] of the CSD hemisphere increased markedly and the concentration remained increased during the following 3 min. At 4-6 min and during the fol lowing measurements, [AA] had returned to control levels. In the control hemisphere, small increases of [AA] were noted throughout the experiment (typi cal values were from 0 to 11 ng AA/mg wet weight). Thus, the results demonstrated a rapid rise of the [AA] during the onset of CSD, which persisted for a few minutes. Figure 3 shows the interhemispheric differences of cortical ATP, ADP, AMP, PCr, glucose, lactate, pyruvate, and glycogen, while Fig. 4 shows the in terhemispheric differences between the calculated energy charge values.
Energy metabolism
During the course of the negative DC potential Values are means ± 1 SD, n = 21.
135 ± 15 36.5 ± 2.9 117 ± 21 7.40 ± 0.04 change, i.e., time 0-1 min, the interhemispheric dif ferences of labile phosphates and glycolytic metab olites between symmetrical regions remained un changed. Interhemispheric differences of energy metabolites (Fig. 3) during the subsequent experi mental period were compared with the difference at onset (0-1 min). At 2-3 min after CSD, the inter hemispheric differences of A TP and AMP remained unchanged, while PCr decreased by 38% (p < 0.05) and ADP increased by 38% (p < 0.01). At 4-5 and 9-10 min, labile phosphates were not significantly changed. Energy charge was constant at all time points (Fig. 4 ). Lactate increased (p < 0.05) by 105 and 77% at 2-3 and 4-5 min after CSD, respectively, but at 9-10 min after CSD, the interhemispheric differences re turned to control levels. Pyruvate decreased (p < 0.05) by 51% at 4-5 min after CSD and returned to control levels at 9-10 min after. Glucose decreased (p < 0.01) briefly by 47% at 2-3 min and returned to normal at 4-5 min after CSD. Similarly, the glyco gen decreased (p < 0.05) by 34 and 26% at 2-3 and 4-5 min and returned to normal at 9-10 min after CSD.
In summary, glucose and glycogen decreased while lactate increased following the onset of CSD. Small changes of labile phosphates were observed during recovery from CSD, but energy charge re mained constant throughout the experimental pe riod.
DISCUSSION
The main problems in examining energy metabo lites associated with CSD by tissue sampling are as follows: (a) CSD moves slowly across the cortical surface. Thus, the measured concentrations of me tabolites represent average values and do not take into account local inhomogeneities of metabolism.
(b) The propagation rate was not measured in every animal, but was assumed to be 3.5 ± 0.6 mm/min (Lauritzen, 1987) . Taken together, the variation of propagation rate and relatively large size of tissue sample give a temporal resolution on the order of -1 min. Free fatty acid concentration changes have not previously been studied during CSD, but are of in terest since breakdown of the membrane lipids with release of biologically active fatty acids could con tribute to the dramatic, transient failure of ion ho meostasis. The results showed that the concentra tion of AA increased markedly already during the large negative DC shift and remained elevated for several minutes.
Two main phospholipid turnover cycles, closely related to receptor and ion channel activation, have been described (Michell, 1975; Sun et aI., 1979; Siesjo and Wieloch, 1986; Eberhard and Holz, 1988) . One includes the activation of phospholi pases A 2 or C by intracellular calcium, leading to degradation of phospholipids into free fatty acids and lysophospholipids. Under normal conditions J Cereb Blood Flow Metab, Vol. 10, No. /, 1990 phospholipids are replenished by the energy dependent activation of fatty acids and subsequent acylation of the lysophospholipid by a transferase. The other cycle involves receptor-stimulated break down of inositol lipids, particularly phosphatidyl inositol 4,5-bisphosphate to diacylglycerol and inositol triphosphate by phospholipase C. This is followed by either further degradation to free fatty acids and glycerol by di-and monoacylglycerol li pases or phosphorylation to phosphatidic acid. The inositol lipids are resynthesized via CDP-diacyl glycerol. The latter two steps involve energy dependent reactions. Therefore, it was considered important to measure the energy state of the cortex under similar conditions as those under which the AA concentration changed.
During and following the large negative DC shift, labile phosphate compounds and energy charge changed very little. However, changes of the turn over rates of these compounds are to be expected since restoration of the ionic gradients during CSD increases the demand for ATP. Previous studies showed conflicting results with respect to labile phosphates since a 38% decrease of PCr with con stant ATP was found by Krivanek (1961 Krivanek ( , 1962 and Bures et aI. (1974 Bures et aI. ( , 1984 , while in another study ATP was found to decrease by up to 50% during the negative DC shift of CSD (Mies and Paschen, 1984) . The temporal resolution in the latter study (using tissue sections and bioluminescence) was �8 s, i.e., better than in the present study. However, even if the data are lumped to give a temporal resolution of -1 min (as in the present study), a decline of ATP of �20-30% can be calculated during and following the DC shift. The explanation for the difference be tween the study of Mies and Paschen (1984) , on one hand, and that of Krivanek (1961) and the present work, on the other, should probably be sought in the different analytical techniques for measuring ATP, anesthesia (barbiturate versus N20/02), and means of triggering CSD. ADP and AMP have not previously been mea sured during CSD. Therefore, it was not possible previously to estimate the energy charge in associ ation with CSD. The results showed that energy charge remained constant during CSD. Therefore, limited energy supply is not essential for its produc tion.
The decreased levels of glucose and glycogen and increased lactate following CSD are similar to re sults obtained previously (Krivanek, 1961 (Krivanek, , 1962 and consistent with the cortical increase of oxygen metabolic rate (Van Harreveld and Stamm, 1952; Marshall, 1959; Bures et al., 1974; Lehmankuhler, 1979) , oxidation of NADH (Rosenthal and Somjen, 1973; LaManna and Rosenthal, 1975; Mayevsky, 1976) , and glucose consumption (Shinohara et al. , 1979; Gjedde et aI., 1981) . The increased glucose consumption is probably used for pumping ions across cellular membranes during recovery from CSD (Mata et aJ., 1980) . The return to normal of the glycogen concentration in the present study took a few minutes, while 45-60 min of recovery was re ported previously (Krivanek, 1961 (Krivanek, , 1962 . The cause of the increased lactate despite preserved blood flow and oxygen supply remains unknown, but may be related to activity changes of glycolytic enzymes (Erecinska and Silver, 1989) or AA induced la�tate production (Chan et aI., 1989) .
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As described above, the marked increase of free AA may be produced either by stimulation of the lipases and phospholipases or by inhibition of the energy-dependent anabolic pathways, i.e., phos phorylation of diacylglycerols and activation of fatty acids, or by both. In ischemia and hypoglyce mia, transmitters are released (Benveniste et aI., 1984; Sandberg et aI., 1986) , and membranes are depolarized concomitantly with a 50-90% reduction of ATP. Thus, in these conditions a combination of energy depletion and phospholipase activation may induce the observed dramatic changes of free fatty acid levels (Bazan, 1970; Wieloch et aI., 1984) . In epiliptic seizures, excessive receptor stimulation with a minor decrease in ATP probably induces an enhanced phospholipid breakdown, leading to a preferential elevation of arachidonic and stearic ac ids (Reddy and Bazan, 1987) .
A similar situation may prevail during CSD. Here, as shown in the present study, ATP levels remain constant. Therefore, it is unlikely that a de ficiency in diacylglycerol phosphorylation or fatty acid activation due to energy shortage caused the increased levels of AA. More likely, an increased uptake of Ca 2 + into the cells, as reflected in the dramatic decline of [Ca 2 ]e' concomitantly with an elevation of the extracellular levels of neurotrans mitters stimulate phospholipases A and C to such an extent that reacylation of lysophospholipids and diacylglycerol phosphorylation become rate limit ing in the resynthesis of the phospholipids. The lysophospholipids or diglycerides will then be fur ther degraded to free fatty acids including AA.
Stimulation of glutamate receptors, specifically NMDA receptors, appears to occur during CSD (Van Harreveld, 1959; Curtis and Watkins, 1961; Goroleva et aI., 1987; Mody et aI., 1987; Hansen et aI., 1988; Lauritzen et aI., 1988) . This is of interest since NMDA receptor stimulation activates phos pholipase A 2 (Dumuis et aI., 1988) , which in turn may lead to increased levels of AA and probably other fatty acid species as well.
The physiological consequences of elevated lev els of free AA are numerous, and the effects of products of AA oxidation, such as the prostaglan dins and leukotrienes, on neurons, glia, and the vas culature are well known (Wolfe, 1982) . It is of par ticular interest in the present context that AA in hibits glutamate uptake (Chan et aI., 1983) and that AA metabolites act as modulators of G protein gated K + channels (Kim et aI., 1989; Kurachi et aI., 1989) . It may be that AA or its metabolites re leased from the nerve cells prolong the period that released glutamate remains in the extracellular space and/or as intracellular messengers and open up K + channels and thereby contribute to the mechanism of CSD.
